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PROPOSAL :
GRAPHENE SYNTHESISAND CHARACTERIZATION

1. ABSTRACT

The challenges of graphene synthesis for applicationdustrial level are closely related to thetbgsis of good
quality material (good electrical properties anabgity) and the ability to transfer it onto largeeas without
changing their physical properties. We study twdhods of synthesis, which can be properly scaléddostrial
level, such as chemical vapor deposition (CVD) eneémical exfoliation of graphite. Also, we explgephene

transfer onto dielectric substrates. This pointsusut to be a key step in all applications.

2. INTRODUCTION

Graphene is a material formed by a single atonyerlaf carbon atoms arranged in a hexagonal
structure (sp hybridized carbon). The mechanical and chemicabibty that graphene has, together with its
electrical and optical properties, makes it anrgggng material from the point of view of techrieaplications
[1]. For the synthesis of graphene several methaede been developed, including micro-mechanicadlation
of highly oriented graphite (HOPG), chemical exdtilbn of graphite, thermal decomposition of SiC &WMD

over metallic substratg4-3].

2.1 CVD graphene synthesis

The CVD synthesis is both simple and inexpensitallbws the production of graphene over large
areas. It involves the decomposition of gaseousdogtbons (CkH GH2, CHsOH, among others) at elevated
temperature. The metallic substrate acts as aysat@ir the decomposition reaction leaving carbantloe
surface. However, it has been difficult to contiteé number of graphene layers produced. In recestsythere
has been extensive use of Cu as catalyst, bedamsevides a better control of the number of lay&frgraphene,
which is directly related to the low solubility o&rbon in coppef4,5].

Along with the growth of graphene by CVD, a methody which allows the transfer from the growth
substrate to other substrate of interest has beeelabed (such as dielectric substrates). It iredutthe use of a
protective polymer such as polymethylmethacryl@&®A) [6,7]. The process involves applying the polymer
on the surface of graphene which remains bountig¢artetal, once cured the polymer, the metal is adadin
dissolved and graphene remains on the polymer.llfindie graphene-polymer composite is placed on a

substrate of interest on the graphene side anddlyener is dissolved with an organic solvent.



This is a topic of continuous research in reggdrs. Sukang Bae et 48] reported a method of
producing "roll-to-roll" with which they obtained-gphene films (monolayers predominantly) over agsakarge
as 30 inches. Graphene was grown by CVD on copben transferred to a thermal protective film pagsi
between two rollers and then copper is removed Hgmical attack. The authors' goal was making gnaghe
transparent electrodes.

Gang Hee Han et 9] used the "roll-to-roll" transfer system in a simgtep, using the properties of the
thermoplastic polymer. These authors were abladw @ graphene sheet (mixed mono-and bilayers, evtier

formation of monolayers was dominant) over an asekarge as 75x85 ém

2.2 Exfoliation of graphite

An alternative method for preparing industrial scgftaphene is chemical exfoliation of graphite3].
Exfoliating graphite in aqueous solutions is difficdue to their hydrophobic character; howeverewbubjected
to a chemical oxidation, it is possible to sepathtelayers of graphite oxide in water by extendedication.
The final product is graphene oxide suspended iewdhe disadvantage of graphene oxide is itscditfy to
incorporate it into organic polymers to form comipges This material is also an electrical insulafdnerefore,
for applications in devices, the graphene oxidetrhaseduced, which presents a coagulation propl€in

S. Stankovich et aJl1] reported the chemical modification of graphite dexiby treatment with
isocyanate, which reduced the hydrophilic charaofethe graphene sheets due to the formation abwsr
functional groups. As a result of the chemical rfiodtion oxides do not exfoliate in water but fosstable
dispersions in polar aprotic solvents. The graplstreets obtained by this method are wrinkled aningts bent
compared to graphene sheets prepared on metatatessty CVD[11].

Another method of interest is that proposed by @hfman Su et al.[12] and involves the
electrochemical exfoliation of graphite foil to abt high quality graphene. The lateral size of sheets is as
large as 40 microns (which reduces the number iof§detween sheets). The number of layers of gnagh
sheets varies between 1 and 4, being more frequebslerved bilayer graphene (65%). These authqierted
that graphene obtained by this method has smaluate@f oxygen species, which can be reduced indggh at
450°C.

Using the above techniques (CVD and chemical/@ebtmical exfoliation) our goal is to study the
parameters involved in the synthesis of graphemkparopose a suitable methodology to prepare thiteniah

over large areas with future projections for theigie of devices, whether optical, electronic, etc.



3. EXPERIMENTAL

3.1- Synthesis of graphene by the CVD technique

Copper foil (25 microns thick and 99.98% purity)dahin copper films (by sputtering) were used asstate
without any treatment cleaning. The substrates vperteinner a quartz tube of three zones furnace veasl
programmed at 600-1000°C with a heating rate ofa@in. Acetylene gas was used as a carbon soutbe wi
argon and hydrogen at 1 mbar of pressure. We stuttie parameters involved in the process such as:

temperature, gas flow, synthesis time.

3.2- Transfer the graphene from the copper to athbstrates (dielectric)

After synthesis, graphene kept on copper subsairadea thin polymer film was formed onto its surfégespin-
coating technique. The polymer used was PMMA and weepared by dissolving 60 mg of Poly(methyl
methacrylate) in 1 ml of chlorobenzene. The polyswution was dropped on graphene-copper at 2400fop
15 seconds and then allowed to cure for 12 houasniient room temperature. Then the graphene waslu

from copper by electrochemically and the PMMA wéssdlved with acetone.

3.3- Exfoliation of graphite (chemical or electreahical)

3.3.1- Chemical:

We used chemical synthesis of graphene by Hummaetifddd method. Graphite natural was used as soofrce
graphene. The graphite is put in a solution, comdoof sulfuric and nitric acid (concentrate), ausiain of
K2MnOs (5%) and a hydrazine solution (1%). For each tneat, the temperature varied: 20-120°C). Then, in
each procedure flakes were collected by centrifagatliminated the supernatant and washed witbrized,

this procedure is repeated many times.

3.3.2- Electrochemical:
The electrochemical exfoliation was performed usirgystem conformed by a power source and ele&moicial
glass cell. Platinum wire was used as countertgldet HOPG as work electrode and a solution ofusiglfacid

(5%) as electrolyte. For the exfoliation process applied a potential pulses.

3.4- Characterization

| was conducted primarily by Raman spectroscopygiailaser of 532 nm Scanning Electron Microsc&ii)

and Optical microscopy.



4. FUNDING AND RESEARCHERS

4.1. All Fuding Sour ces:

- Synthesis: Air Force Office of Scientific ResdartdSA: FA9550-13-1-006 (USA) and FONDECYT 11110522
(Chile).

- Characterization: FONDECYT 11110522 (Chile) at@NDEF D1111213 (Chile)

4.2. Researchers:
- Andrea Cortés

- Carlos Celedon

5. FACILITIES

At the sponsoring institution (Physics departm&hfFSM), we count with several equipment to devetap
proposal.

- A Chemical Vapor Deposition (CVD) system with ithd) controllers. This CVD system consists a hamizb
quartz tube furnace (three-stage) connected toflgas lines (argon, hydrogen, acetylene) maximum kvor
temperature is 1100°C.

- A Raman Spectrometer (Renishaw), lases32 nm.

- A Optical microscope (Leica DM500).

- A spin-coater systems (Laurell, model WS-650MNP®) for preparing polymer thin film.

- A Power source (home-made) for synthesis eleltnaical.

- A Scanning Electron Microscope (SEM) (EVO MA frdDarl Zeiss).



6. RESULTSAND DISCUSSION

6.1.- CVD synthesis of graphene

i. Grain size copper

The treatment previous to the graphene synthessscanaied out. The annealing of copper foil impotiee
nucleation and growth of graphene, which dependeingly on the annealing time and growth tempeeatu
[13].The annealing process causes an increase indhegjze of the copper foil as received, which barseen
in the optical image (Fig.1). However, we did nohig@ve a homogeneous grain size. The substratergrafew
grains close to 100 micrometers size, while smallee grains predominate. The shape of the grainsof
regular, showing different morphologies.

100 pm

Figure 1. Optical image of a copper foil after thal treatment at 700°C for 30 minutes in
hydrogen flux (100 sccm).

ii. Growth temperature effect

To study the effect of synthesis temperature, wéopmed the growth at different temperatures inshme
condition of synthesis (fluxes and time), see Fig2600°C is obtained amorphous carbon, distirfyaig the D
and G bands with the same intensities and the absainthe 2D band, with a poor surface coverageileA#t
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850°C begins to observe the appearance of 2D aaidtaining a high intensity of D band. A 950°@lstained
graphitic material, distinguishing the three bardsG and 2D. At this temperature the D band anaré&sharp
and they are separated, the ratio of intensiti€s iBless than in the samples at low temperatudetam spectrum

indicate multilayer. A 1000°C is obtained bi-laggaphene, the ratio of D/G is less than at 950°C.

1.8 1

1.6 1

1.2 1

Intensity (a.u.)
o

0.2 1000°C

0.0

T T T
2000 2500 3000

Raman Shift (cm™)

T T
1000 1500

Figure 2. Raman spectra for different temperatuodssynthesis. The spectra were taken for

graphene on coppei£532 nm).

The G band sharpens with the growth temperatuneedse, while the ID/IG ratio decreases. The optimum
temperature for graphene synthesis is 1000°C, thtenal has fewer defects (low intensity of the &) and

the presence of bilayer graphdid].
iii. Effect of Hydrogen flux
In the experiments, during the graphene growttgss on copper foil, the acetylene and argon $luxe

were stayed constant at 5 and 200 sccm, respeactiZee hydrogen flow was varied between 20-120 stem

study hydrogen effect on growtMABLE 1).



Table 1
Sample H,/scem 20 min

Mi_1 80
Ml 2 100
M1 _3 120

In the experiment set (TABLE 1), hydrogen (60 scemil argon (200 sccm) gases were injected into
the furnace. Once the system reached 1000 °C,lanets sccm) was introduced, maintained the afigsnand
then, the hydrogen flow was adjusted at 80, 1001&tsccm during 20 minutes for the samples M1_1, M
and M1_3, respectively. At last, the acetylene fivas closed, the hydrogen flow was decreased sr@® and

the argon flow was maintained in 200 sccm, theesgsivas cooled using this mixture of hydrogen amgb@up
to room temperature.

4.0
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Figure 3.- Raman spectra of graphene films thateameansferred from copper foil to SiQ300
nm) substrate. Samples were synthesized by CVIzgsat different Hflow rates from 80, 100
or 120 sccm for 20 min. The flow is maintained dgnivhole synthesis.

From these experiments we can conclude that ushighaflow of hydrogen (120 sccm) for a long ting®(
minutes), graphene has a high level of defects,radtio of intensities between D band and G is abdu(Fig 3),

the ratio of intensities G/2D is ~0.5 and 2D bamgasitioned at 2695 clnAs the hydrogen flow decreases, is



obtained a material with fewer defects, for a flofABO sccm we obtained a lower intensity of D bamatip D/G

intensity band is ~0.25.

iv. Effect of size copper fail

For the synthesis of copper foils large, we usiagsles of 10X10 céy and observed that the growth is not
homogeneous in terms of coverage and in regard aterial quality. The center of the sample presents
homogeneous growth of bi- and three-layer graphieutein areas close the sheet edge, material hes defects,

together with the presence of multilayers (2-3).
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Figure 4.- Raman spectra of graphene on copper dalbstrate of 10x10 cm2. Spectra were

measured in various locations on the copper fod ae show the main results=(532 nm).



6.2.- Graphenetransfer

To perform the Raman characterization, a transfecgss was performed of graphene from the copper
substrates to the SiO2/Si substrates. For thisgsespfirst, the samples of graphene-copper areredvior
PMMA layer (protective polymer) by spin-coating. éify we used an electrochemical technique, using two
electrodes, one of them is the graphene-coppefdathode) and the another one is a graphite féatede) and
both electrodes were submerged in a sodium sulpbltdion (5%) as electrolyte and it is appliedtage pulses
of 5V for 20 minutes, until the graphene is detatfrom the copper and stays floating over thetswiuThen
the graphene-PMMA is washed with deionized watenyrtanes for eliminate the salt from electrolytég(b).

This process involves the generation of small bedkdf hydrogen which allow the separation of
graphene from the metal substrate, as describ&ein6. Using this technique, the generation oedef in the
material is not observed, because the voltage psilapplied for a few seconds and the graphenetisffiected
by electrolyte as in the case of using Fe (IlIJlissolve the copper [15].Therefore this is a simplean and fast
technique.

(a)

Power
Source

Figure 5. (a) System Diagram used for the electenaizal separation of graphene-polymer from
the copper foil, (b) formation of hydrogen bubliedp to detach the graphene from the substrate,
(c) graphene-PMMA stays on water and is transfetred substrate SiO2/Si.
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6.3- GRAPHENE BY EXFOLIATION

i. Electrochemical Synthesis of graphene by exfoliation of HOPG

The electrochemical exfoliation was performed usimgsystem conformed by a power source and
electrochemical glass cell. Graphite plate was @sedounter-electrode, HOPG as work electrode asadugion
of sulfuric acid (5%) as electrolyte (Fig.6). Fhetexfoliation process was applied a potential®o¥/Iwith pulses
of 1 minutes.

This method yields flakes of few-layer graphenejclwhare detached from HOPG electrode when potential
pulse is applied and they float over the surfaceleftrolyte due to hydrophobicity of graphene. Tlakes were
collected from solution surface using glass spadui wash with deionized water and centrifugedaatimes for

eliminated of acid.

H,SO,
(electrolyte)

HOPG Graphite
(cathode) (anode)

Figure 6. System Diagram shows electrochemicalliexifan of graphene from HOPG.
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Figure 7. SEM image show multilayer graphene flaketsined by electrochemical exfoliation of

HOPG in aqueous sulfuric acid.

The flakes obtained were formed mainly by few andtirbayer graphene and was not found single-layer
graphene (Fig.7). This method produces functioedliayers due what the potential applied is higth goduced
damage in the material as structural defects thatbe functionalized by carbonyl and hydroxyl grefiwm the

acidic environment of the electrolyte [16].

ii. Synthesisof graphene by chemical exfoliation of natural graphite

We used chemical synthesis of graphene by Hummaelifidd method. Graphite natural was used as source
of graphene. The graphite is put in a solution, poamd of sulfuric and nitric acid (concentrate) éme hour in a
ultrasonic bath, then, the graphite flakes wasectdld using centrifugation by eliminating the supéant and
wash them with deionized water and centrifuge gghis procedure is repeated many times for elitimgaacid
excess.
The graphite flakes were oxidized using a solutiériK.MnO,4 (5%) at 60°C for 8 hours, which were put in a
ultrasonic bath for 2 hours, this way, the flakes exfoliated and formed a suspension of graphefe=oThen,
flakes were collected by centrifugation, eliminated supernatant and washed with deionized; tlisguture is

repeated many times

12



Finally, using a hydrazine solution (1%), the grapd oxide flakes concentrated were reduced for 2
hours at 120°C. The flakes were concentrated byribggation and supernatant was eliminated, andheds
using deionized water, this procedure was repaatedy times

Material obtained consist in flakes of reduce geghoxide. However, the reduction procedure was not
efficient and large amount of graphene oxide wasreduced. Therefore, we obtained oxide and redozate

graphene. The presence of oxide makes it difficlitains images using SEM, since the material is les

conductive in comparison to graphene.

Figure 8. SEM image shows the rolls and flakes exfuced graphene oxide, obtained by

exfoliation of natural graphite by the modified et Hummer.

In Fig.8, is possible to see the leaves reduceghgme oxide obtained. You can appreciate the pcesen
of stretched and rolled sheets along with graptésdues. RGO flakes consist of several layersthadsize

varies from small sheets that appear rolled toelatpets that appear stretched.
The Fig.9 shows the Raman spectrum of RGO, it $sibte appreciate that material consists of mytita

RGO, considering the shape of 2D band and thesiites ratio of 2 for bands G/2D.

13
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Figure 9. Raman spectrum flakes reduced grapheide @mbtained by chemical exfoliation using

Hummer methodi(= 532 nm)

7.- CONCLUSION

The graphene synthesis using various methods wesilfp®. CVD synthesis shows the best results in
terms of reproducibility, quality and size of graple, being able to prepare material over largesarfeam the
optimal parameters established in this study. Tagerial could be used as a protective film agatostosion,

etc.
On the other hand, using exfoliation methods, katemical and electrochemical, it is obtained as a

result multilayer flakes. In the case of the chexhigrocess, oxidized flakes were obtained mainbspite

reduction process that had carried out. This madteduld be used in applications for photovoltaéwides.

We are currently in the writing of manuscripts relating to the results of this research to be published in

scientific journals.

14



8.- REFERENCES
[1] C. Soldano, A. Mahmood and E. Dujardin, Carbori, @8, 2127Production, properties and potential of

graphene

[2] K. S. Novoselov, A. K. Geim, S. V. Morozov, D.dig Y. Zhang, S. V. Dubonos, I. V. Grigorieva andAA
Firsov, Science, 2004, 306, 666-6&%ectric Field Effect in Thin Carbon Films atomibal

[3] G. Wang, J. Yang, J. Park, X. Gou, B. Wang, H. &nd J. Yao, J. Phys Chem C, 2008, 112, 8E8@2ile
synthesis and characterization of graphene nandshee

[4] X. Li, W. Cai, L. Colombo and R. S. Ruoff, Nano L.eR009, 9, 4268-4272Evolution of graphene on Ni
and Cu by Carbon isotope labeling

[5] C. Mattevi, H. Kim, M. Chhowalla, J. Mater. Che2Q11, 21, 3324-3334A review of chemical vapor
deposition of graphene on copper

[6] A. Reina, X. Jia, J. Ho, D. Nezich, H. They areBdlovic, M. S. Dresselhaus and J. Kong, Nano 12409,

9, 30-35. Large area, few-layer graphene films on arbitrarubstrates by chemical vapor deposition
[7] Y.-C. Lin, C. Jin, J.-C. Lee, S.-F. Jen, K. Suenagd P.-W. Chiu, ACS Nano, 2011, 5, 2362-236@ar
transfer of graphene for isolation and suspension

[8] S. Bae, H. Kim, Y: Lee, X. Xu, J.-S Park, Y. Zhedg Balakrishnan, T. Lei, H. R. Kim, Y. |. Song,-Y.
Kim, K. S. Kim, B. Ozyilmaz, J:-H Ahn, B. H. Hongid S. lijima, Nature Nanotechnology, 5, 574, 20R6ll-
to-roll production of 30-inch graphene films foatrsparent electrodes

[9] Gang Hee Han, Hyeon-Jin Shin, Eun Sung Kim, Sdim@hae, Jae-Young Choi and Young Hee Lee, Nano:
Brief Reports and Reviews, 6, 1, 59-65, 20Rdly (ethylene co-vinyl acetate) - Assisted onp-stansfer of
ultra-large graphene

[10] S. Stankivich, R. D. Piner, X. Chen, N. Wu, S.Nguyen and R. S. Ruoff, J. Mater. Chem, 16, 155-158
2006, Stable Aqueous dispersions of graphitic nanopl&telé the reduction of exfoliated graphite oxidethe
Presence of poly (sodium 4-styrenesulfonate)

[11] S. Stankovich, D. A. Dikin, G. H. B. Dommett, K..Mohlhaas, E. J. Zimney, E. A. Stach, R. D. PigerT.
Nguyen and R. S. Ruoff, Nature Lett., 442, 282-28%06, Graphene-based composite materials.
[12] Ching-Yuan Su, Ang-Yu Lu, Yanping Xu, Fu-Rong Ché&mdrei N. Khlobystov and Lain-Jong Li, ACS
Nano, 5, 2332-2339, 201#jgh-Quality Thin graphene films from fasectrochemical exfoliation.

[13] Da Hee Jung, Cheong Kang, Ji Eun Nam, Jin-Seok léimd Jin Seok Lee, Bull. Korean Chem. Soc., 34,
No. 11, 2013Size and Density of Graphene Domains Grown witfeBiht Annealing Times

[14] Mei Qi, Zhaoyu Ren, Yang Jiao, Yixuan Zhou, XinloXg, Weilong Li, Jiayuan Li, Xinliang Zheng and
Jintao Bai,J. Phys. Chem. Q17 (27), 14348-14353,v 2018lydrogen Kinetics on Scalable Graphene Growth
by Atmospheric Pressure Chemical Vapor Depositiih Acetylene

[15] Adriano Ambrosi and Martin Pumera, Nanoscale, &,4014,The CVD graphene transfer procedure
introduces metallic impurities which alter the ghegme electrochemical properties.

[16] Ming Zhou, Jie Tang, Qian Cheng, Gaojie Xu, Ping, Cu-Chang Qin, Chemical Physics Letters 572, 61—
65, 2013Few-layer graphene obtained by electrochemicall@atfon of graphite Cathode

15



PUBLICATIONS

Title CVD synthesis of graphene from acetylene catalyag a reduced CuO thin film deposited on SiO2
substrates.

Authors: Andrea Cortés, Carlos Celedon and Ramoén Zarate

Journal: Journal Of Chilean Chemical Society

Status: under review, send October, 2014.

Partially supported by AFOSR Grant FA9550-12-1-0060 and FONDECYT 1BPI(CHILE)

Abstrac: Few-layer graphene was grown by Chemical Vapgod3iion on a CuO thin film pre-deposited by
sputtering on SiO2/Si substrates using acetylerntbeasarbon source. After evaporation of metalpigeme lies
directly in contact with the SiO2 dielectric layétaman spectroscopy was used to confirm the preseha
single and/or few-layers of graphene. This procediges not requiring any post processing to trarkethin

film onto a dielectric substrate or the use ofastiigh vacuum during synthesis.

CONFERENCE PRESENTATION

Talk: Celdas fotovoltaicas y su modificacién con natroesuras basadas en carbono

(Photovoltaic cells and its modification with canbbased nanostructures)

Speaker: Andrea Cortes

Conference: ler Taller en conversién de energia solar y téanen el marco del proyecto Anillo ACT1204
Universidad Catdlica del Norte, Antofagasta, CHILE

9-10, Oct. 2014.

Poster: Growth of graphene from acetylene on copper by Gwihod

Authors: Andrea Cortes, Carlos Celedon

Conference: ICANM2014: International Conference and Exhibitimm Advanced and Nano Materials, Calgary,
CANADA

11-13, Aug. 2014

Poster: CVD Synthesis of graphene from acetylene on cofuper
Authors: Andrea Cortes, Carlos Celedon

Conference: Graphene 2014, Toulouse, FRANCIA

6-9, May. 2014

16



Response 1D:4461

1.
1. Report Type
Final Report

Primary Contact E-mail

Contact email if there is a problem with the report.
andrea.cortes@usm.cl

Primary Contact Phone Number

Contact phone number if there is a problem with the report
56-32-2654628

Organization / Institution name
Universidad Técnica Federico Santa Maria

Grant/Contract Title
The full title of the funded effort.

Graphene synthesis and characterization

Grant/Contract Number
AFOSR assigned control number. It must begin with "FA9550" or "F49620" or "FA2386".

FA9550-13-1-0060

Principal Investigator Name

The full name of the principal investigator on the grant or contract.
Andrea Cortes

Program Manager

The AFOSR Program Manager currently assigned to the award
Brett Pokines

Reporting Period Start Date
03/01/2014

Reporting Period End Date
03/01/2015

Abstract

Here is reported graphene synthesis by two methods, Chemical Vapor Deposition (CVD)
using Acetylene as a Carbon source onto copper substrates, and the exfoliation of
graphite (chemical and electrochemical). This methods have a great importance for
applications in devices, because can be properly scaled to industrial level. Was studied
the experimental parameters involved in the growth of graphene.

By Raman spectroscopy was made the characterization of material synthesized. CVD
method allowed to grow single- bi- and few- layer graphene on copper. On the other
hand, the exfoliation method produced multi-layer graphene flakes.
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